We study momentum distributions of the final-state charged lepton in pp/pp → tt → ℓ + X (ℓ = e or µ) at hadron colliders, i.e., Tevatron and Large Hadron Collider (LHC) in order to explore possible new-physics effects in the top-quark sector.
Introduction
The Large Hadron Collider, LHC, has started to operate and is already giving us new data [1] . Thereby we will soon be able to explore physics beyond the standard model of the strong and electroweak interactions in TeV world with high precision. Studies of such new physics can be classified into two categories: modeldependent and model-independent approaches. The former approach could enable precise calculations but require us to start everything from the beginning if the wrong model was chosen. In contrast to it, we would rarely fail to get meaningful information in the latter but it would not be that easy there to perform precision analyses since we usually need to treat many unknown parameters together.
One reasonable way to decrease the number of such unknown parameters in a model-independent analysis is to assume a new physics characterized by an energy scale Λ and write down SU(3)×SU(2)×U(1)-symmetric effective operators for the world below Λ. Those operators with dimension 6, having the leading importance, were listed in [2] , supposing there exist only standard particles below Λ. Although we still have to treat several operators (parameters) even in this framework, but some of the operators given there were found to be dependent on each other through equations of motion [3] . This shows that we might further be able to reduce the number of independent operators, and indeed it was done in [4] (see also [5] ).
In this effective-operator framework, not only electroweak couplings but also QCD couplings receive nonstandard corrections. Although it might be hard to imagine that the QCD couplings of light quarks are affected by those anomalous interactions, the top-quark couplings could however be exceptional, because this quark has not been studied enough precisely yet, and its extremely heavy mass seems to tell us something about a new physics beyond the standard model. That is, this heaviest quark might be able to work as a precious window to a nonstandard physics once LHC starts to give us fruitful data.
Under this consideration, we have performed analyses of anomalous top-gluon couplings produced by the dimension-6 operators through tt productions at Tevatron and LHC [6, 7] . In this article, we would like to develop them and perform more realistic analyses focusing on momentum distributions of the charged lepton coming from the semileptonic top decay in pp/pp → ttX. In fact, a number of authors have studied top anomalous interactions through such final leptons in pp/pp collisions [8] - [16] . Their main interests are in CP -violation, which is reasonable since the standard-model CP -violation in the top sector is expected so small that any non-negligible CP -violation effects there will be a signal of new physics.
Here, however, we have no mind to add similar studies to them. Our main purpose of revisiting this issue is to present analytical formulas of the final-lepton momentum distributions for practical use, and carry out some computations and analyses based on them, taking into account both anomalous CP -conserving and CP -violating top-gluon couplings plus nonstandard tbW coupling altogether.
We first describe our calculational framework in section 2. In section 3, we derive the final-lepton momentum distribution in partonic processes qq/gg → tt → ℓ + X, and present their analytical expressions. We then transform them into the angular, energy and transverse-momentum distributions of the final charged lepton in the hadronic processes pp/pp → ttX → ℓ + X ′ , and study those distributions numerically for several typical parameter sets in section 4. Finally, a summary and some remarks are given in section 5. In the appendix, we refine our last result on the anomalous top-gluon couplings [7] with the Tevatron and CMS data [17, 18] by adding the latest ATLAS data [19] .
Framework
Let us describe our basic framework in this section. In ref. [2] were given three effective operators contributing to top-gluon interactions. Those operators produce top-pair production amplitudes which include γ µ , σ µν q ν , (p i + p j ) µ and q µ terms (or more complicated Lorentz structure), where p i,j and q are the top-quark i, j and gluon momenta. However two of them were shown not to be independent in [4] , and we only need to take into account one operator
where we followed the notation of [4] : q L3 is the third generation of left-handed 
where L SM on the right-hand side means the standard-model QCD top-gluon couplings and C 
where g s is the SU(3) coupling constant and d V,A are defined as
corresponding to the top chromomagnetic-and chromoelectric-dipole moments respectively with v being the Higgs vacuum expectation value (= 246 GeV). Concerning the other light quarks, i.e., u, d, s, c and b, we assume their couplings with the gluon are properly described by the standard QCD Lagrangian though in principle there also could be nonstandard corrections in our framework, because those couplings have so far been tested very well based on a lot of experimental data.
On the other hand, dimension-6 operators which contribute to top-decay t → bW are
where D µ is the SU(2) × U(1) covariant derivative, d R3 is the third generation down-type SU(2) singlet (i.e., b R ), and W I µν is the SU(2) gauge-field tensor. We thereby have the corresponding interaction Lagrangian
where L SM gives the standard-model tbW couplings this time and the sum is taken over the above four operators. We denote this Lagrangian by L tbW and again reexpress as
where g is the SU(2) coupling constant,
Λ 2 and V tb is (tb) element of Kobayashi-Maskawa matrix. Here again ℓνW couplings, which become necessary for W + → ℓ + ν ℓ occurring after t → bW + , could also have nonstandard terms, but we adopt the SM Lagrangian for this part due to the same reason as the light-quark and gluon interactions.
In calculating the momentum distributions of the final charged lepton in the partonic level, we utilize the Kawasaki-Shirafuji-Tsai formalism [20, 21] . This formalism is quite valuable when we study the momentum distribution of a final-state particle from productions/decays of a heavy particle whose mass m and total width Γ satisfy m ≫ Γ , and consequently "narrow-width approximation"
holds as a good approximation. In this framework, the final-lepton momentum distribution in a collision of particles a and b like ab → tt → ℓ + X is given by
where Γ ℓ is the width of an unpolarized top, dσ(n, 0)/dΩ t is that obtained from the tt-production cross section with spin vectors s t and st, dσ(s t , st)/dΩ t , through the following replacement:
We get the ℓ − distribution fromt decay by exchanging the roles of s t and st, and reversing the sign of n.
Parton-process cross sections
Let us derive the lepton-momentum distribution in the parton processes qq/gg → tt → ℓ + X using interactions (3) and (9) in Kawasaki-Shirafuji-Tsai framework.
In [22] is pointed out that we have to be careful in applying the narrow-width approximation to a certain process, but in the case of the top quark and W boson, necessary conditions are satisfied as m t (= 172.0±1.6 GeV) ≫ Γ t (= 1.99
In the following calculations, we neglect all the fermion masses except the top, and put V tb to be 1 [25] . In addition, we take into account all the contributions from d V,A since this is part of the strong interaction, although LHC data have narrowed the allowed region for them [7] , while we include only linear terms in anomalous f L,R 1,2 like in [13] considering that this is electroweak interaction and also that all Tevatron data on t → bW [26, 27] are consistent with the standard model (i.e.,
Under these approximations, the qq/gg → tt differential cross sections are
in the CM frame, and the t → bW → bℓ + ν differential width is
where E ℓ is the ℓ + energy, i.e., p
s,t,û are the Mandelstam variables,β ≡ 1 − 4m 2 t /ŝ is the size of the top velocity, B ℓ is the top-semileptonic-decay branching ratio (= Γ ℓ /Γ t ), and we applied the narrow-width approximation to the W propagator. Here we attached "^" to some variables to clarify that they are parton-level ones. Note that neither dσnor dσ gg has s t -dependent terms actually.
Combining all those formulas and quantities with eq. (10) we arrive at the leptonmomentum distributions:
where ab =or gg, the first (SM)/second (BSM) terms on the right-hand side express respectively the standard-model/beyond-the-standard-model contributions, and c ℓ is our abbreviation of cos θ ℓ with θ ℓ being the scattering angle between the momenta of the incident parton a and ℓ + (similarly s ℓ ≡ sin θ ℓ hereafter). We give their analytical forms explicitly in the following:
Here F m and G m (m = −2, −1, 0, +1) are Ω t integrations choosing the p ℓ direction as the z axis
(see also [28] ), and they are given as
where each I m and J m are
with x ℓ ≡ 2E ℓ (1 −β)/(1 +β)/m t , and f ± m/n and g
Their explicit forms after the integrations are
where
and all terms which cancel out in f 
Final-lepton distributions
We are now in the final stage of computing the lepton-momentum distributions under actual experimental conditions. In order to derive hadron cross sections based on the parton-level formulas given in the previous section, we first need to connect partonic cross sections in the parton-CM frame and hadron-CM frame.
The final-lepton energy and scattering angle in the parton-CM frame, E * ℓ and θ * ℓ , are expressed in terms of those in the hadron-CM frame, E ℓ and θ ℓ , as
where β L is the Lorentz-transformation boost factor connecting the two frames.
These relations lead to Jacobian
and consequently cross-section relation
Then the hadron cross sections are obtained by integrating the product of the parton-distribution functions and the parton cross sections in the hadron-CM frame on the momentum fractions x 1 and x 2 carried by the partons:
where Note here that s is defined via the initial hadron momenta p p/p as s ≡ (p p + p p/p ) 2 .
Angular distribution
We first study the angular distribution:
We present the results in Fig.1-Fig.3 for Tevatron, LHC (7 TeV) ♯2 Strictly speaking, of course, the QCD corrections to the total cross sections and differential cross sections are not the same as each other, but the difference is not that sizable as studied systematically in [34] (see also [35] ). 
The deviation could be as large as more than 30 % at LHC, and there seem to be some chances of getting a nonstandard signal.
Energy distribution
Let us next study the energy distribution:
In the same way as the angular distributions, we show the normalized distributions in Figs.4-6 using anomalous-coupling parameters: Note that the d R terms can also contribute to the results in this case.
We see that sizable effects can be expected in some cases. However, Figs.4-6 tell us that the dash-dot-dotted curve depicted with parameter set (d) has a substantial overlap with the SM curve, which indicates that we have little chance to observe any signal in this case. In addition, those with parameter sets (a) and (c)
show quite similar behavior at LHC and will be indistinguishable from each other, though the overlapping part gets smaller as the center-of-mass energy increases. 
The size of the deviation is similar to that of the angular distribution, and it could be fairly large though depending on the parameters.
Transverse-momentum distribution
Finally, we compute the transverse-momentum p T distribution. This distribution is obtained by integrating dσ pp/pp /dp T dc ℓ over c ℓ , which cross section is connected with dσ pp/pp /dE ℓ dc ℓ through Jacobian 1/ 1 − c
dσ pp/pp dp T =
and E + ℓ is given in eq.(44). Using the same anomalous-coupling parameters as for the energy distributions . the distributions are shown in Fig.7-Fig.9 .
In these figures, the shapes of the curves are similar to those in Fig.4-Fig.6 .
However, the magnitude of these p T distributions is roughly two times larger than that of the E ℓ distributions around their peak points. The size of the deviations in percentage at p T = 50 GeV is as follows:
LHC ( 
Summary and remarks
We have studied possible anomalous ttg-, ttgg-and tbW -interaction effects in the final-lepton distributions of pp/pp → ttX → ℓ + X ′ at Tevatron and LHC by assuming that there exists a new physics characterized by an energy scale Λ and we only have standard-model particles/fields below Λ. Under this assumption, all leading anomalous interactions are given by dimension-6 effective operators [2, 4, 5] .
Based on the interaction Lagrangians composed of relevant effective operators, we have derived analytical formulas of the parton-level cross sections of the processes qq/gg → ttX → ℓ + X ′ for the first time including both anomalous CP -conserving and CP -violating top-gluon couplings as well as anomalous tbW couplings at the same time. ♯3 We then performed numerical calculations for the hadron-level processes at Tevatron and LHC experiments. The results were shown in Fig.1-Fig.9 , and then we came to the following conclusions:
• In case of d V = 0 and d A ≃ 0, we could observe discrepancy between the SM prediction and those with nonstandard effects. Moreover, comparing shapes ♯3 A similar work was done for the same processes (but in a different formalism) in [13] , where anomalous CP -violating top-gluon couplings and anomalous tbW couplings were taken into account.
depicted using parameter sets (a) and (b) in all figures, we saw that the opposite sign of d V could induce opposite deviation from the SM predictions. This is simply because the leading d V contribution comes from its linear terms, which fact will however be useful for determining the sign of this parameter.
• • In contrast to those d V,A contributions, that from d R was found to produce no sizable effects in the distributions we calculated here, and therefore it is difficult to measure its contributions in the processes on which we focused.
Finally, let us close this section with a couple of remarks. First, we have limited our anomalous-coupling values to the inside of the allowed region given in the appendix (Fig.10) . However this constraint reflects 1σ level uncertainties. That is, their true values might be outside that region, which leads to the possibility that larger deviations from the SM prediction could be observed. Secondly, we expressed all the anomalous interactions in terms of several constant parameters. This is justified only when √ŝ ≪ Λ holds, which assumption might become less accurate with increasing center-of-mass energy of LHC if the new physics is just around the corner. In that case, unexpected nonstandard effects could be measured. 
APPENDIX

Constraints on the anomalous top-gluon couplings
In our previous analysis on d V and d A through the total cross section of tt productions [6] we pointed out that LHC data could give a stronger constraint on them, which would be hard to obtain from Tevatron data alone. We then showed in [7] that the first CMS measurement of this quantity [18] actually made it possible.
That is, we have obtained a stronger constraint on d V,A by combining the CDF/D0 data [17] σ exp = 7.02 ± 0.63 pb (CDF : m t = 175 GeV) 
with the CMS data σ exp = 194 ± 72 (stat.) ± 24 (syst.) ± 21 (lumi.) pb (m t = 172.5 GeV)
than in the analysis with the above CDF/D0 data alone. Since we now also have ATLAS data [19] σ exp = 145 ± 31
+42
−27 pb (m t = 172.5 GeV),
where the first uncertainty is statistical and the second systematic, it is worth carrying out the same analysis again with all the data available here.
♯4
In this analysis, we need the absolute value of the cross section, for which we cannot neglect the QCD radiative corrections. As for such corrected SM contribution, we took the Next-to-Leading-Order (NLO) cross section σ NLO SM = 157.5
in [7] , which was used by the CMS [18] . We here, however, take account of the 
as in [19] . Figure 10 : The d V,A region allowed by Tevatron and LHC data altogether (the shaded part). The solid curves, the dashed curves and the dash-dotted curves are respectively from CDF, D0 and CMS data, and the dash-dot-dotted curve is from ATLAS data.
The result is shown in Fig.10 , where the shaded part is the d V,A region allowed by Tevatron and LHC data altogether. There does not seem to be any big difference
